It is commonly believed that biology is just an instantiation of chemistry. Yet, our experience dictates that biological systems posses a number of traits which in their totality are not found in other chemical systems. Attempts to identify a minimal set of such traits form the basis for a number of efforts to define life (Sagan 1970; Ruiz-Mirazo et al. 2004) . From this view it follows that the emergence of these traits was central to the transition from chemistry to biology. Among them two have received particular attention. One is replication and its coupling to natural selection. The other is the formation of catalytic networks and metabolism. Although the importance of these properties is unquestionable, they are insufficient to understand the origins of life or build a model of a simple living system. This contribution focuses on two other properties that are also germane to the transition from chemistry to biology. One is the emergence of functions, such as catalysis, energy transduction or transport across cell walls mediated by complex molecules or their assemblies. The other is the ability of these functions to work in concert. Biological systems exhibit these properties at remarkable levels of efficiency and accuracy in ways that appear effortless. However, their dissection reveals great complexities that are involved. This opens a question: how a simple, ancestral system could have acquired functions? Other questions follow. What were the chances that a functional polymer emerged at random? What was the minimum structural complexity of a polymer to carry out a function at a reasonable level of efficiency? Can we identify concrete, protobiologically plausible mechanisms that yield advantageous coupling between different functions? These and similar questions are at the core of the general question: how soulless chemistry became life?
emergence of protein functions is a puzzle. It is widely accepted that a well-defined, compact structure (fold) is a prerequisite for function. Function, in turn, is a prerequisite for evolution. In other words, non-functional entities are not subjected to evolutionary optimization. It is equally widely accepted that compact folds are rare among random amino acid chains. Then, how did protein functionality start? One view is that it started with the simplest sequences and structures. As an example, seryl-histidine dipeptide can catalyze DNA cleavage ) and peptide bond formation (Gorlero et al. 2009 ). In another example, 33-residue, coil-coiled peptides were shown not only to catalyze ligation of two shorter peptides with high efficiency and diastereoselectivity but also to form catalytic networks (Lee et al. 1997) . The simplicity of these peptides speaks to their relevance in the origins of life but also presents a problem -a continuous evolutionary path to folded proteins with diverse structural motifs is far from clear. According to another hypothesis, small, yet still well folded proteins emerged at random. In vitro evolution experiments demonstrated that small, ATP-binding proteins can be selected from a very large library of random peptide sequences with frequencies similar to those found for ribozymes endowed with the same function (Keefe and Szostak 2001) . The high-resolution structure of one of these proteins was determined to be the treble clef folding motif (Lo Surdo et al. 2004) .
The third hypothesis holds that folded proteins were preceded by their poorly folded, yet still functional ancestors. Experimental evidence supporting this hypothesis was obtained only recently however. A small enzyme that ligates two RNA fragments with the rate of 10 6 above background was evolved in vitro (Seelig and Szostak 2007) . This enzyme does not resemble any contemporary protein (Chao et al. 2012) . It consists of a flexible loop, a part of which is probably responsible for catalytic activity, a small, rigid core containing two zinc ions coordinated by neighboring amino acid side chains and two highly flexible tails that might be unimportant for protein function. In contrast to other proteins, this enzyme does not contain any ordered secondary structure elements, such as α-helix or β-sheet. The ends of the loop are kept in direct proximity just through interactions of a charged residue and a histidine with a zinc ion, which they coordinate on the opposite side of the loop. Such structure appears to be very fragile. Surprisingly, experimental studies and computer simulations of the original protein and its mutants indicate otherwise. As a coordinating residue is mutated to alanine, another, nearby charged residue can take its place, thus keeping the structure nearly intact. High flexibility of the protein facilitates this adjustment.
A similar picture emerges from studies of simple transmembrane channels that mimic those in ancestral cells. One of them is the aggregation of antiamoebin, a non-ribosomally synthesized peptide that consists of only 16 amino acids. Interestingly, the peptide contains non-standard amino acids, such as α-aminoisobutyric acid and isovaline, which are believed to have been common on the early earth. Recently, it has been found that the antiamoebin channel, in contrast to all known genomically coded, well-structured channels, is extremely flexible and does not form a conventional pore (Wilson et al. 2012 ). Yet, it efficiently mediates ion transport. Single antiamoebin molecules also act as ion carriers, as do some peptides too short to span the membrane. This points to a possible evolutionary connection between ion carriers and ion channels.
Taken together these results show that highly flexible proteins or protein assemblies that do not resemble their contemporary counterparts could carry out functions quite efficiently. They might be the "missing link" on a continuous evolutionary trajectory between simple, but only moderately active oligopeptides and well-folded proteins similar to those found in modern organisms.
Clearly, protocellular functions did not exist in isolation. Explaining how they originated, operated and evolved in a concerted, tightly regulated fashion is a major challenge. Even though these difficulties have been long appreciated (see e.g. Pohorille and Deamer 2001) studies on coupling between different functions have been rather limited. Most theoretical work in this area has concentrated on the emergence and evolution of ancestral metabolism and information transfer between generations (Eigen and Schuster 1977; Kauffman 1986; Segre et al. 2000; Nowak and Ohtsuki 2008) . Experimental studies have been even more restricted and mostly dealt with competition or cooperation between a small number of functional species (see e.g. Lee et al. 1997; Lincoln and Joyce 2009 ). Attempts to recreate in a laboratory more complex sets of metabolic reactions, such as the reductive tricarboxylic acid cycle, under protobiologically relevant conditions have not been so far successful (Guzman and Martin 2009) .
Coupling between cellular functions could have emerged only if it conferred evolutionary advantage to the nascent protocells. An example of such coupling is the interplay between composition, growth and division of vesicles and metabolic reactions that they encapsulate. This coupling is only rarely considered, even though it is implicitly involved in even the simplest models of protocells. One such model consists of two ribozymes encapsulated in a vesicle -a replicase that copies both ribozymes and a ribozyme that catalyzes the synthesis of the membrane-forming molecules from their precursors . Clearly, membrane permeability, growth and division are also at play here.
Recent studies demonstrated possible mechanisms by which vesicles might have evolved their composition from fatty acids to phospholipids, thus facilitating a number of new cellular functions (Budin and Szostak 2011) . The presence of even low levels of phospholipids in fatty acid vesicles was shown to drive their competitive growth. This decreased membrane permeability and made it easier for protocells to retain metabolites. As protocells became nearly impermeable to charged and large, polar species their transporter-mediated transfer across cell walls became indispensible (Pohorille et al. 2005; Pohorille and Deamer 2009) .
The coupling might also proceed in the opposite direction. For example, it has been shown that redox chemistry upon illumination inside fatty acid vesicles can drive their pearling and division (Zhu et al. 2012) . This is another, simple illustration how absorption of energy, metabolism and behavior of membranes might have interacted promoting the transition from chemistry to biology.
In summary, theoretical studies have the power to provide the conceptual framework for understanding the emergence and evolution of coupling between different cellular functions. Even though these studies have yielded a number of interesting ideas, the framework is still far from complete. It is even less clear to what extent these ideas were realizable in protobiological conditions. Evidence still remains scarce. The importance of this topic to understanding the origin of life makes it a fascinating subject for future experimental and theoretical research.
